The effect of ambient conditions, ambient temperature and site location of the power plant (the altitude or ambient pressure), on the performance of a typical supplementary fired (SF) gas-steam combined cycle (CC) is studied, and its performances are compared with that of the unfired case. The CC used in the present study is comprised of two V94.2 gas turbine units, two HR-steam generators and a single steam cycle. For the cases studied, it is observed that SF can increase the total net power of the CC by 5% and the efficiency for the fired-cycle is observed to be about 1% less than that of unfired-cycle case. The variations of the total net power with ambient temperature for both supplementary fired and unfired cases (slope w.r.t. the ambient temperature) are almost identical.
INTRODUCTION
Heat recovery steam generators (HRSG) are widely used in industrial processes and combined cycle power plants. For a given HRSG, the quantity and thermodynamic state of the produced steam depend on the flue gas temperature and its mass flow rate. Two key factors, which affect these parameters, are the ambient temperature and the power extracted from the GT cycles. The output power of the gas turbine units considerably degrades in hot days of summer.
Supplementary Firing (SF) using the remaining oxygen in the flue gas leaving the GT is one way to compensate this lossin-power. Although a supplementary fired plant inherently has a lower efficiency than an unfired plant, the ability to produce more power output during periods of high ambient temperature gives it an economic advantage depending on the demand for the electricity and the numbers of hours the high prices exist.
In the present paper the effect of SF on the performance of a Combined Cycle (CC) is studied, in which the output power and efficiency of the CC are monitored at the base load in various ambient temperatures and pressures, in fired and unfired cycles. To do so a combined cycle power plant containing two large scale GT units of V94.2-Siemens at 50 Hz, and a single Siemens steam turbine are used. The Heat Recovery Steam Generator (HRSG) of Doosan is used to produce steam with SF = ON or OFF.
The thermodynamic behavior of each element of the cycle is modeled through a developed software package. The modeling is performed within the "Engineering Equation Solver" environment, (1). The following info are fed into the code: (I) the characteristic curves of the compressor and turbine of the GT units, which are developed in the present study based on numerous sensor reading installed at different locations of the GT cycle in Damavand power plant, (II) the flue gas analysis leaving the GT units, (III) the LHV of the fuel, and (IV) the steam cycle info.
In this study we model a combined cycle (as shown in Figure 1) consisting of two V94.2 gas turbine units of nominal 156 MW, (2), power output and a steam cycle of nominal 156 MW, two HRSG of Doosan, (3), with a burners placing between HP super heater stage 2 and 3, with the heat balance plans of the cycle at design pressure and temperature (1 bar, 17.5 c) are available. It is desired to simulate off-design performance of the combined cycle in fired (SF = ON) and unfired (SF = OFF) cases. The code performs a parametric study of the effect of ambient conditions on the CC's performance in both SF = ON and OFF cases.
NOMENCLATURĖ m a
Air mass flow rate (kg/s) m f uel Fuel mass flow rate (kg/s) m SF Fuel mass flow rate at the SF burner (kg/s) P GT Output power of the GT unit (MW) P ST Output power of the steam turbine (MW)
Combined cycle efficiency
ANALYSIS PROCEDURE
The analysis procedure is given below:
1. The V94.2 gas turbine unit is modeled using a Brayton cycle with compressor and turbine characteristic curves obtained, in the present study and introduced to the code. To do so a large number of sets of sensor readings of the Siemens V94.2 unit in Damavand Power Plant operating at 50 Hz have been used. 2. To close the set of equations in step 1 (above), the Turbine Inlet Temperature (TIT) and the mass captured by the compressor are needed, which are computed using (I) the heat balance around the combustor, and (II) the net-power-out of the GT unit. 3. With the flue gas analysis known, and a specified temperature rise in the case of SF=ON, the fuel consumption in the secondary burner (SF) is obtained. 4. The quantity and thermodynamic state of the produced steam for the given HRSG configuration depend on the flue gas temperature and mass flow rate. In separate sets of experimental data available (the available heat balance data of the vapor cycle elements like the connecting pipe, junctions, the feed water pumps etc at various operating conditions of the vapor cycle) the performance curves of the pumps (including the feed water pump), and the percentage of pressure losses in pipes and connectors are obtained, and introduced to the code. 5. Heat removal is performed in the condenser of the steam cycle at a constant back pressure of ≈ 0.2 bar. 6. For a given ambient temperature, and geographical location -ambient pressure-steps 1 to 4 are performed and the key parameters of the CC are obtained. These steps are repeated for different ambient conditions and a set of figures are obtained, which are discussed in the next section. 7. For the sake of simplicity in the present study, no thermal design of the boiler has been performed at this stage of the CC modelling. Instead a standard value of the percentage of pressure losses about to 2.25% for the HRSG and 1.25% for the burner are assumed here. These values fall within a reasonable region of pressure losses for HRSG and burners. A value of 0.78 has also been assumed for the HRSG efficiency. 8. The developed code has been done within the EES environment (1).
RESULTS AND DISCUSSIONS
The developed package in EES environment provides all the parameter of the combined cycle. Here a sample of computed results to study the effect of ambient condition are given for SF = ON and OFF cases. The reported results are for ambient temperature and pressure values within the range -5 to 39. The reason for increasing trend of P ST is explained here. For a given fuel flow in the main combustion chamber of the GT unit the turbine inlet temperature (TIT) increases with ambient temperature, and consequently the exhaust flue gas temperature (T ex ) leaving the GT unit increase with the ambient temperature. The increase in ambient temperature (at fixedṁ f used in the GT unit), enhances the total enthalpy of the flue gas [in terms of kW] entering the HRSG. Therefore, the output power of the steam cycle (P ST ) increases with ambient temperature. For similar reasons, the efficiency of the steam cycle increases with ambient temperature.
Figures 6 and 7 show the behavior of total power (P tot ) of the CC for both SF = OFF and ON cases, respectively. For the present configuration of the CC with two GT units and a single steam cycle, P tot ≈ 2P GT + P ST . With P GT decreasing with ambient temperature (not shown in this paper) and P ST increasing with ambient temperature (see Figures 2 to 5), P tot remains almost unchanged with ambient temperature. These are shown in Figures 6 to 9 for both SF=ON and OFF cases.
The variation of steam turbine output power (P ST ) with the fuel consumption rate in SF (ṁ SF ). It is noted thatṁ SF = 0 corresponds to SF = OFF case. The presented result corresponds to the ambient temperature of 17.5 o C.
Figures 10 and 11 show the variation of P ST and η CC with fuel flow rate of the supplementary firing burner (ṁ SF ), respectively. The presented result corresponds to the ambient temperature of 17.5 o C, andṁ SF = 0 refers to SF = OFF case. As shown in Figure 10 , P ST at initial values ofṁ S F, increases rapidly (up to a value of m S F about 0.1 kg/s) beyond which its variation becomes negligible.
In Figure 11 , by turning the SF on, at first the CC efficiency increases due to the initial jump in P ST . However, beyond somė m S F value η CC reduces due to the excessive fuel consumption in SF. Overall it is observed that the CC efficiency reduces by about 1% when compared to SF=OFF case.
CONCLUDING REMARKS
The thermodynamic response of a combined steam-gas cycle consisting two V94.2 GT, two HRSG and one steam cycle has been studied in SF=ON and OFF cases, and the effect of ambient conditions on the performance of CC is analyzed.
In general, although SF=ON power plant show a lower efficiency than an unfired plant, but it has the ability to produce more power output during periods of high electricity prices. Therefore, it gives an economic advantage depending on the demand for the electricity and the numbers of hours the high prices exist.
For the cases studied, it is observed that SF can increase the total net power of the CC by 5% and the efficiency for the fired-cycle (SF=ON) is observed to be about 1% less than that of unfired-cycle (SF=OFF) case. 
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